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The advantage of the Doppler evaluation is that arteriography carries a low but definite risk 2 so that it cannot be used for screening asymptomatic patients or for longitudinal studies (table 1) . Therefore, it was hoped that the Doppler examination could be substituted for or help screen suspected individuals for the necessity of arteriography.
Materials and Methods
Sixty men and 45 women, aged 37 to 80, scheduled to have arteriography for carotid distribution transient ischemic attacks or bruits, were evaluated prior ditional aids for diagnostic accuracy.
Resolution of carotid arteriography was tested with a test grid placed 5 cm deep in a 15 cm plastic phantom. Separate sequences to anteroposterior and lateral films were obtained with a tube-to-film distance of 40 inches. The test object-to-film distance in the lateral sequence was 14 inches, with a resolution of 0.34 mm with 1.51 X magnification.
Arteriographic findings were categorized as follows: 1. Normal 2. Non-stenotic plaque, smooth or ulcerated 3. Stenotic plaque, smooth or ulcerated graded for degree of stenosis ranging from 8 to 99% 4. Occlusion The arteriographic lumen was measured with calipers at the point of maximum stenosis (B and D in fig.) in both the anteroposterior and lateral projections and across the parallel wall segment of the internal carotid artery distal to the carotid sinus (A and C in fig.) . The figure also shows the formula used for calculating stenosis as suggested by Spencer. 5 Both arteriographic and the Doppler classifications were made independently by 2 different observers (WMM and MRB) in a blind protocol.
Results
Because of the preponderance of arteriographically normal common carotid and external carotid arteries (62.4 and 70.5%), statistical comparisons of results pertaining to these arteries were not feasible. However, the arteriographic data for the internal carotid artery were well distributed as follows: 53 (27.2%) of the arteries normal, 51 (26.2%) nonstenotic plaque, 81 (41.5%) stenosed, and 10 (5.1%) occluded. For calculation of measures of accuracy the findings were collapsed to 2 categories, "normal" and "diseased," for both the Doppler and the arteriogram (table 2).* The Doppler "false positive" rate was 25 of 132 or 19%. In this group of 25 arteriographically normal arteries, the Doppler results were 12% category 2 (plaque), 20% category 3 (0-25% stenosis), 48% category 4 (26-50% stenosis), 8% category 5 (51-75% stenosis), 8% category 6 (76-95% stenosis) and 4% classified in Doppler category 7 (occlusion). The "false negative" rate was 35 of 63 or 56%. Of the 35 arteries found to be abnormal on angiogram but normal by Doppler, the angiogram results were 43% plaqued, 46% stenosed, and 11% occluded. Sensitivity was 75% and specificity was 53%. Chi-square analysis showed overall significance to be (p ^ 0.01). In order to determine specific categories, the proportion of "correct" Doppler interpretations in each arteriographic category was calculated and category 5 (51-75% stenosis) was significantly higher (p k 0.05). Doppler category 6 (76-95% stenosis) also demonstrated a significantly {p < 0.05) greater proportion of arteriographically stenosed arteries compared with the proportion that were either normal, plaqued, or occluded. No significant differences in the proportion classified by angiogram as normal or stenosed were found in the Doppler categories normal, plaqued, 0-25% stenosed, 26-50% stenosed, or occluded.
Analysis of variance showed a significant difference (p < 0.01) in the percentage of stenosis between Doppler categories using either cross sectional area or minimal luminal diameter. Keul's test showed that Doppler category 6 (76-99% stenosed) is significant (p < 0.05) and that there were no significant differences in mean stenosis among any of the first 5 Doppler categories (p > 0.05).
Small variations in arteriographic measurement of stenosis did not account for Doppler misclassification. For example, when (category 6), highly stenotic vessels, were misclassified, they were as likely to be called normal by Doppler as category 4.
In an attempt to explain this variation, a sample of the Doppler recordings was reviewed independently by two observers (RGW and WMM). It was ascertained that 1) the presence of loud venous interference, 2) variations in the location and orientation of the bifurcation, 3) kinks, coil and other anatomical variants in the carotid arteries, and 4) changes in the flow characteristics caused by hypertension, short diastolic flow, cardiac irregularities and differences in vascular resistance in the cerebral circulation, all cause difficulty in interpretation. Moreover, different technicians varied widely in their ability to identify the level of the carotid bifurcation on the Doppler image.
Discussion
The development of ultrasound technology for the study of extracranial arteries has progressed steadily since this method was introduced 12 years ago. Each new improvement requires validation for sensitivity and specificity. For the Doppler continuous wave audiovisual technique we find that only in Doppler categories 5 and 6 (50-95% stenosis) was there a significant positive correlation with arteriography. These categories comprised only 24% of our patient population which was heavily biased for atherosclerotic disease with 73% having atherosclerotic changes demonstrated at arteriography. We found Doppler to be of very little value for predicting degrees of stenosis less than 50%, as also reported by Spencer et al. 8 and Barnes et al. 9 Doppler flow characteristics and radiographic display of arterial lumen anatomy are 2 different indirect measures of atherosclerotic disease and are not necessarily comparable parameters. We believe longitudinal studies of our patients may reveal as yet unrecognized conditions such as turbulence, which are not visible on the arteriogram, which may prove to have predictive value as an early sign of cerebrovascular disease. Some of these might include: increased thickness of the arterial wall resulting in attenuation of the auditory signal before any arteriographic abnormality is visible; turbulence which is not visible on arteriography; alterations in pitch resulting from a long symmetrical reduction in the lumen of the artery which does not appear as a focal stenosis. Dynamic information is obtainable with the Doppler technique, but easily overlooked on arteriography, including flow pattern characteristics in the external and internal carotid circulations which are audible but not visible.
The relative ease and safety of continuous wave Doppler ultrasound, as well as its low cost in comparison to arteriography, offers so many advantages that it is hoped that its further development will make it possible to obtain improved CW Doppler studies.
On the basis of our findings, we have improved our techniques and sharpened our criteria for interpretation both of the audio and visual aspects of Doppler studies.
